Patterning of the mesodermal germ layer is temporally closely linked to its generation during gastrulation. The mesoderm is divided into axial, paraxial, intermediate, lateral, and extraembryonic mesoderm depending on its proximodistal origin in the primitive streak. Transplantation studies with chick embryos have shown that the newly formed paraxial mesoderm, even before its segmentation into somites, also has its anteroposterior (A-P) positional identity determined (Kieny et al. 1972) . Consistent with this finding, the mesodermal expression of Hox transcription factor genes governing A-P pattern is activated early in the primitive streak.
Both generation and patterning of the mesoderm appear to involve intercellular communication and work with Xenopus embryos has identified some candidate signaling molecules, including fibroblast growth factors (FGFs) . FGFs can induce the expression of mesodermal markers, such as the Brachyury homolog Xbra, in isolated animal cap ectoderm . Ectopic application or expression of FGFs has also been observed to result in up-regulation of posteriorly expressed members of the Xenopus Hox gene family and a caudal-related gene Xcad3 in anterior mesodermal as well as neuroectodermal tissue, suggesting a role for FGF signaling in A-P patterning (Ruiz i Altaba and Melton 1989; Cho and De Robertis 1990; Cox and Hemmati-Brivanlou 1995; Kengaku and Okamoto 1995; Kolm and Sive 1995; Lamb and Harland 1995; Pownall et al. 1996) . Expression of a dominant-negative FGF receptor in Xenopus embryos results in defective posterolateral mesoderm induction and maintenance (Amaya et al. 1991; Kroll and Amaya 1996) . Repression or posteriorization of Hox and Xcad3 gene expression has also been observed in embryos expressing the dominant-negative FGF receptor Godsave and Durston 1997) . This Hox gene repression can be overcome by ectopic expression of Xcad3, supporting a model where FGFs regulate posterior Hox gene expression through induction of caudal-related transcription factors (Subramanian et al. 1995; Pownall et al. 1996) . Loss of caudal-related Cdx1 or reduction of Cdx2 function in mouse leads to homeotic transformations consistent with this model (Subramanian et al. 1995; Chawengsaksophak et al. 1997) .
However, to date, there is no clear evidence to support a role for FGF signaling in A-P patterning from the phenotypes caused by mutation of components of the FGF pathways in mice. Consistent with the work with Xenopus, a null mutation in one of the four FGF receptor genes, FGF receptor-1 (Fgfr1), leads to a severe gastrulation defect in mouse embryos (Deng et al. 1994; Yamaguchi et al. 1994) . Fgfr1 mutant embryos appear growth retarded and cell migration through the primitive streak is impaired. Even in the most advanced mutants the amount of paraxial mesoderm is greatly reduced and somites are not formed. Analysis of chimeric embryos consisting of a mixture of wild-type and Fgfr1 mutant cells has revealed a cell autonomous function for FGFR1 in the mesodermal and endodermal cell movements through the primitive streak (Ciruna et al. 1997; Deng et al. 1997 ). However, the requirement for FGFR1 in normal streak morphogenesis obscures any possible additional role in A-P patterning.
To dissect genetically the functions of Fgfr1 during gastrulation and in later developmental processes we have generated a series of hypomorphic and functionspecific alleles of the gene. Our results show that alterations in signaling through FGFR1 can result in changes in the vertebral identities independent of defects in the production and segmentation of paraxial mesoderm. Thus, our results provide genetic evidence for the involvement of FGF signaling in regulation of Hox gene activity and A-P pattern. In addition, the hypomorphic alleles reveal a function for FGFR1 in the growth and patterning of the limbs, possibly also involving Hox regulation.
Our series of Fgfr1 mutations also addressed the biological significance of multiple FGFR1 isoforms and signal transduction pathways. We show that one of the two alternatively spliced receptor isoforms (Johnson et al. 1991 ) is functionally dominant. Mutation of the tyrosine autophosphorylation site Y766, critical for phospholipase C␥ (PLC␥) binding and activation (Mohammadi et al. 1992; Peters et al. 1992) , is compatible with survival, but leads to alterations in A-P patterning of the vertebral column in the opposite direction to the hypomorphic alleles. Our results suggest that instead of transducing a net positive signal, a signal starting at phosphorylated Y766 plays a role in the negative regulation of FGFR1 activity in vivo.
Results

Generation of an allelic series of Fgfr1
To create hypomorphic and site-specific alleles of the Fgfr1 gene a series of point mutations as well as neomycin phosphotransferase (neo) expression cassette insertions were introduced into the Fgfr1 locus by gene targeting ( Fig. 1A,B ; see Materials and Methods). Three types of mutations were produced. First, alleles with a neo cassette in the sense orientation in introns 7 and 15 were generated (alleles n7, IIIcn, IIIbn, n15, and n15YF) . These insertions appear to result in a reduction in the amount of full-length Fgfr1 transcript produced ( Fig. 1C ; see below). Second, the protein coding capacity of the two exons (exons IIIc and IIIb) encoding alternatively spliced isoforms of FGFR1 (Johnson et al. 1991) were desrupted separately by introducing in-frame stop codons into these exons (represented by asterisks in Fig. 1A ; alleles IIIcn, IIIcl, IIIbn, and IIIbl) . Third, one of the autophosphorylation sites and the PLC␥ binding site of FGFR1 (Y766) was inactivated by mutation into phenylalanine (alleles n15YF and Y766Fl). In addition, control alleles carrying loxP sites (recognition site for the sitespecific recombinase Cre) in intronic regions were generated (alleles l7 and l15).
The alleles with the neo cassettes were created in embryonic stem (ES) cells using targeting vectors, where the desired mutations were incorporated in the arms of homology ( Fig. 1A ; see Materials and Methods). Depending on the site of homologous recombination between the vector arms and the genomic Fgfr1 locus, alleles with or without the specific mutations were generated. In these alleles the neo gene, driven by the phosphoglycerate kinase-1 (PGK-1) promoter and followed by the PGK-1 polyadenylation signal, was inserted in the sense orientation into two different intronic regions of the Fgfr1 gene (introns 7 and 15). These neo cassettes were flanked by loxP sites allowing their removal by crosses with transgenic mice expressing Cre recombinase under the control of a cytomegalovirus enhancer and ␤-actin promoter (Sauer 1993; Nagy et al. 1998) . Therefore, the effects of the site-specific mutations could be analyzed without being complicated by the neo insertion.
IIIc is the major functional isoform of Fgfr1
Embryos homozygous for alleles with a stop codon in exon IIIc (IIIcn and IIIcl) displayed identical phenotypes resembling the embryos homozygous for the putative null alleles (Deng et al. 1994; Yamaguchi et al. 1994) . At embryonic day 9.5 (E9.5) IIIcl/IIIcl embryos showed reduced amount of Mox-1-positive paraxial mesoderm, which was not organized into somites (see Fig. 4B ; below). On the other hand, mice homozygous for an allele where the exon IIIb was inactivated (IIIbl/IIIbl) were viable and fertile (Table 1) . We conclude that IIIc is the dominant isoform and responsible for the majority of FGFR1 functions. However, when the overall activity of Fgfr1 was reduced by a neo cassette insertion into the gene (see following section), an additional mutation in the IIIb exon further enhanced the axial and limb patterning phenotypes observed (cf. the phenotypes of n7 and IIIbn homozygotes, Table 2 ; Fig. 5, below) . In addition, whereas ∼50% of n7/null transheterozygotes survived to term, no newborn IIIbn/null transheterozygotes were recovered (Table 1) . Thus, there appears to be some redundancy between the two Fgfr1 isoforms.
neo gene insertions into intronic regions create hypomorphic alleles of Fgfr1
The neo cassette insertions into introns 7 and 15 produced alleles (n7, IIIbn, n15YF, and n15), which showed similar phenotypes with quantitative differences. These phenotypes were primarily attributable to the neo cassette insertions themselves, and the associated mutations (IIIb exon and Y766F mutations) had only minor effects on the severity of the phenotypes (Table 1) . Mice heterozygous for these alleles appeared normal but when homozygous, all the alleles caused neonatal lethality, defects in craniofacial and limb patterning, and abnormal development of the A-P axis (Table 1 ). The craniofacial defects, likely contributing to neonatal lethality, result from a marked reduction of the second branchial arch (data not shown). In the case of IIIbn, n15YF, and n15 alleles some of the mutants did not appear to survive to term. To test genetically the nature of these alleles, the n7 heterozygotes were crossed with mice heterozygous for the Fgfr1 null allele (Yamaguchi et al. 1994 ). All the observed defects were more severe in the n7/null transheterozygotes than in the n7/n7 homozygotes (Table 2 and Fig. 5, below) . This suggests that n7, IIIbn, n15YF, and n15 are hypomorphic alleles producing reduced gene activity. Consistent with the genetics, a three-to fivefold reduction in the amount of the fulllength Fgfr1 transcript was seen in the n7/n7 embryos compared with the heterozygous or wild-type littermates (Fig. 1C) . The exact mechanism for this reduction is unclear but it is possible that the neo cassette (containing the PGK-1 polyadenylation signal) causes premature termination of transcription or that aberrant RNA Figure 1 . Genomic structure and characterization of the Fgfr1 alleles generated. (A) Schematic structure of the FGFR1 protein is shown at top. The two alternatively spliced receptor isoforms, FGFR1 IIIc and IIIb, differing in their ligand-binding domain, were inactivated separately by introducing stop codons (asterisks) in the beginning of exons 7 and 6, respectively. These stop codons were followed by mutations creating diagnostic restriction enzyme recognition sites BamHI (IIIc) and EcoRV (IIIb). One of the tyrosine autophosphorylation sites of FGFR1, Y766, was mutated into phenylalanine (F) followed by a silent mutation creating a XbaI site. The alleles were produced using three targeting vectors: pPNTLoxP-IIIcSTOP, pPNTLoxP-IIIbSTOP, and pPNTLoxP-Y766F. Depending on the site of homologous recombination, alleles either with (IIIcn, IIIbn, and n15YF) or without (n7 and n15) the above mentioned mutations were generated. The neo cassettes were flanked by loxP sites (black rectangles), allowing their excision in vivo to generate alleles l7, IIIcl, IIIbl, l15, and Y766Fl. (B) BamHI; (E) EcoRI; (H) HindIII; (N) NcoI; (RV) EcoRV; (Xb) XbaI; (Ig) immunoglobulin-like domain; (neo) neomycin phosphotransferase gene driven by PGK-1 promoter and followed by PGK-1 polyadenylation site. (B) Southern blot analysis of the ES cell lines generated. See A for identification of the probes and restriction maps. (C) Northern blot analysis of Fgfr1 mRNA expression in a F 2 litter carrying the n7 allele. Total RNA was isolated from E10.5 embryos and analyzed with a Fgfr1 cDNA probe from the kinase domain region and a Gapdh cDNA probe. Quantification of the hybridization signal revealed a three to five fold reduction in the amount of full-length Fgfr1 transcript in the n7 homozygotes compared to their heterozyous or wild-type littermates.
splicing into the neo cassette results in reduced amounts of Fgfr1 mRNA. Similar reductions in mRNA levels, resulting in hypomorphic alleles, have also been reported after insertions of neo cassettes into the N-myc and Fgf8 loci (Meyers et al. 1998; Nagyet al. 1998 ) .
Hypomorphic alleles cause posterior truncations and homeotic transformations in the vertebral column
Posterior truncations were observed in newborn mice homozygous for the hypomorphic alleles ( Fig. 2A-E and Table 2 ). The n7 and IIIbn homozygotes had defects in tail development, whereas n15YF and n15 homozygotes displayed more severe posterior deletions, which usually extended into the lumbrosacral level. Posterior to the level of vertebral truncation of the n15 and n15YF homozygotes, hind limbs and occasional remnants of vertebral bodies were observed ( Fig. 2E and data not shown).
In addition to the posterior truncations, skeletal analysis of the hypomorphic mutants revealed transformations of vertebral identities throughout the remaining vertebral column in both anterior and posterior directions (Fig. 2F-K and Table 2 ). n7 homozygotes commonly showed an anterior transformation of the lumbar vertebra L1 into a rib-bearing vertebra ( Fig. 2J ) and a posterior transformation of the thoracic vertebra T7 to the T8 phenotype (not attaching the sternum). In n7/null transheterozygotes as well as n15YF and n15 homozygotes the penetrance and expressivity of the anterior transformations were enhanced (Table 2) . At the cervical level, fusion of atlas with occipital bones and partial transformations of axis and other cervical vertebrae were very common (Fig. 2H) . A series of anterior transformations was also frequently seen at the lumbar level in the n7/null transheterozygotes (Fig. 2K) . In an interesting contrast to the transformations in the anterior direction, the penetrance of the transformations to posterior direction were not increased in n15/n15 or n7/null compared to n7/n7.
Expanded posterior neural folds, widened limb fields, and posterior somite degeneration are seen in the hypomorphic mutants
To characterize the ontogeny of the observed patterning defects, embryos homozygous for the hypomorphic alleles were analyzed at various stages of development (Table 1) . At E8.5 expansion of the posterior neural folds was evident in n15/n15 and n15YF/n15YF embryos . This is consistent with the results of chimeric analysis with Fgfr1 null mutant cells, demonstrating a tendency of the mutant cells to form ectopic posterior neural structures (Ciruna et al. 1997 ). Defective A-P patterning was also apparent in the lateral plate mesoderm of the n15 and n15YF homozygotes, as evidenced by expansion of the forelimb buds posteriorly at E9.5 and E10.5 ( Fig. 3D-F) , suggestive of expanded limb fields. Expansion of the hindlimb buds was also observed. In the most extreme cases the widened limb buds divided into as many as three smaller buds. The expanded limb buds resolved later in development, with the posterior extra buds appearing to degenerate leaving only one to develop into a limb (Fig. 3F ). This alteration in the lateral mesoderm suggests that positional values are already affected in the mutants before E9.5.
Somites were observed posterior to the hindlimb bud level in E10.5 n15 and n15YF homozygotes (Figs. 3E,F and 4F). However, signs of posterior somite degeneration were seen in n15YF and n7 homozygotes at E10.5-E11.5 and E12.5, respectively (data not shown). These observa- tions are consistent with occasional appearance of remnants of vertebral bodies posterior to the lumbrosacral truncations in the skeletal preparations of newborn n15 and n15YF homozygotes, and together suggest that deletion of posterior material contributes to the axial truncations.
Subtle changes in Hox gene expression patterns are seen in the mesoderm of hypomorphic mutants
To analyze the effect of the hypomorphic alleles on somitogenesis we studied the expression of a somitic marker Mox-1 in the hypomorphic mutants by mRNA in situ hybridization (Fig. 4A-F) . Posterior somite abnormalities were observed in E9.5 and E10.5 n15YF/n15YF embryos ( Fig. 4D-F) . The segmentation of the anterior somites appeared normal, but the most anterior somites were smaller than in the wild-type littermates ( Fig. 4D-E) . This may reflect a partial transformation into the occipital phenotype, but might also result from a more general defect in the generation/proliferation of paraxial mesoderm. The A-P patterning within each somite appeared normal, with Mox-1 expression predominantly in the posterior half-somite.
Homeotic transformations in vertebral identities observed in the hypomorphic mutants are suggestive of alteration in the Hox code. To test this, we studied the expression patterns of Hox genes in the mutants at E8.5 and E9.5 by mRNA in situ hybridization. In the somitic mesoderm of E8.5 embryos, the anterior limit of expression of HoxD4 appeared posteriorized by one somite in n15YF/n15YF mutants (Fig. 4G) , consistent with the anterior transformations of atlas and axis observed in the skeletal preparations of the newborn mutants. The anterior expression limit of HoxD4 in the neural tube was unchanged. In contrast to HoxD4, the anterior limit of expression of HoxB5 appeared unchanged in the n15YF/ n15YF mutants both in the somitic mesoderm as well as neural tube (Fig. 4H,I ). Interestingly, however, the expression of HoxB5 in the somites did not extend as far posteriorly as in the wild-type littermates. This may reflect some of the transformations in the posterior direction, which were also seen in the hypomorphic mutants (Table 2 ). In fact, transformations to both anterior and posterior directions are sometimes also seen in single Hox gene mutants (Jeannotte et al. 1993; Small and Potter 1993; Horan et al. 1995) .
In two of five E9.5 n15YF/n15YF embryos the widen- 
Posterior transformations ing of the limb buds was accompanied by a posterior shift in the expression of HoxB9 in lateral mesoderm (Fig. 4J,K) . This is consistent with A-P mispatterning of the lateral plate mesoderm, but the incomplete correlation argues against a causal link between HoxB9 expression change and the widening of the limb fields. It is possible, however, that altered expression of several Hox genes in the lateral plate (one of which might be HoxB9) results in the limb field mispositioning (Cohn et al. 1997) . Alternatively, the limb bud widening may reflect similar changes in the intermediate mesoderm, which has been suggested to be responsible for limb bud induction.
As members of the Cdx gene family have been implicated in the regulation of the Hox gene expression, we analyzed Cdx1 and Cdx4 mRNA expression in the n15YF/n15YF embryos at E8.5. No significant change in their expression levels was detected (data not shown).
Hypomorphic alleles cause defects in the patterning of distal limbs
In addition to the primary body axis, reduced FGFR1 signaling also affected development and patterning of the distal limb structures ( Figs. 2A and 5 ). Skeletal prepara- The mutants also show greatly reduced size of the outer ear, distal limb defects, and severe spina bifida (arrows). Skeletal analysis of a wild type (B), n7 homozygote (C), n7/null transheterozygote (D), and n15YF homozygote (E) demonstrates the series of axial skeletal defects seen in the mutants. Compared to the wild-type cervical vertebrae (F), vertebral malformations are seen with a low frequency in the n7 homozygotes (G). Both the penetrance and expressivity of these defects is increased in the n7/null transheterozygotes (H), which commonly show fusion of the C1 to the occipital bones and partial transformation of C2 into C1 phenotype (arrow). At the lumbrosacral level, compared to the wild type (I), the n7 homozygotes frequently had extra ribs on L1 (J, arrows). Again, these homeotic transformations into the anterior direction were more severe in the n7/null transheterozygotes, which also often showed transformation of S1 into L6 phenotype (K, arrows). Morphological defects in hypomorphic (n15YF/ n15YF) embryos. At E8.5 expansion of the posterior neural folds was seen in n15YF homozygotes (B,C) compared to their wildtype littermates (A). In more severely affected embryos, ectodermal vesicles were often observed (arrows in C). At E10.5, compared to the wild-type embryos (D), the n15YF homozygotes (E,F) showed expansion of both the fore-and hindlimb buds sometimes leading into division of the limb buds into several smaller structures (large arrows). The posteriorly located extra buds appeared to degenerate as seen on the opposite side of the embryo shown in E (F). Expansion of the posterior neural tube was also evident at this stage (small arrow).
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Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by genesdev.cshlp.org Downloaded from tions of newborn hypomorphic mutants showed syn-and oligodactyly, delayed ossification of distal phalanges, and postaxial cartilage condensations (Fig. 5A-H) . Also the development of the carpal and tarsal bones was abnormal. With various alleles and allele combinations, a series of phenotypes was observed. The development of the anterior digits was affected in the n7/n7 (n = 34) mice and the defects were successively more severe in IIIbn/IIIbn (n = 6) and n7/null (n = 5) mice. The development of the proximal limbs was normal in the mutants except for occasional shortening of the tibia seen in the n7/null mice (Fig. 5H) .
Similar limb phenotypes are also seen in some of the 5Ј Hox gene mutants (Dolle et al. 1993; Davis and Capecchi 1996; Fromental-Ramain et al. 1996; Mortlock et al. 1996) . Furthermore, FGF signal from the apical ectodermal ridge together with Sonic Hedgehog from the zone of polarizing activity has been implicated in the regulation Figure 5 . Distal limb defects in the hypomorphic mutants.
Skeletal preparations of forelimbs (A-D) and hindlimbs (E-H) of newborn wild-type (A,E), n7 homozygous (B,F), IIIbn homozygous (C,G) and n7/null transheterozygous (D,H) newborn mice.
Reduced Fgfr1 function appears to correlate with successive loss of anterior digits. Other defects include syndactyly, delayed ossification of distal phalanges, and occasional appearance of an extra postaxial cartilage condensation in the forelimbs (arrows in B,D). In n7/null transheterozygotes the limb defects are markedly enhanced resulting occasionally in defects in the development of the more proximal limb (H). Analysis of 5Ј HoxD gene expression in the limb buds of IIIbn hypomorphic mutants by whole mount mRNA in situ hybridization (I-K). HoxD11 expression at E10.5 (I) in a IIIbn homozygote (IIIbn) and a wildtype littermate (wt), showing no obvious difference. In contrast, HoxD13 expression both at E10.5 (J) and E11 (K) was reduced in the mutants compared to their wild-type littermates. , and an E10.5 n15YF homozygote (F). The most anterior somites in n15YF homozygotes were often reduced in size (arrows in D,E). Expression of A-P patterning markers HoxD4 (G), HoxB5 (H,I) and HoxB9 (J,K) in wild type (G,H,J) and n15YF homozygous (G,I,K) embryos. The anterior level of expression of HoxD4 appears shifted posteriorly by one somite level in E8.5 mutant embryo compared to a wild-type littermate (arrows in G). In E9.5 embryos, HoxB5 expression posteriorly was weaker in the n15YF mutants than in the wild-type littermate (arrows in H,I). In a subset of E9.5 embryos hybridized with the HoxB9 probe the anterior level of hybridization appeared posteriorized in the lateral plate mesoderm concomitant to the expansion of the limb fields (arrows in J,K). In all cases the neural expression appeared unchanged (arrowheads in J,K).
of Hox gene expression in the limb mesenchyme (Niswander 1996; Johnson and Tabin 1997) . Therefore, we analyzed the expression of HoxD11 and HoxD13 in IIIbn/IIIbn mutants. Expression of HoxD11 appeared unaffected, but expression of HoxD13 was reduced both during the ''early phase'' at the posterior margin of the limb bud at E10.5 and during the ''late phase'' at E11 in the entire autopod (Fig. 5 I-K) . This result is consistent with the restricted skeletal defects in the distal limbs of the IIIbn/IIIbn mice.
Y766F mutation creates a semidominant Fgfr1 allele causing homeotic transformations in a posterior direction
To test the biological significance of the tyrosine autophosphorylation site Y766 and PLC␥ signal transduction pathway, we generated an allele where Y766 was mutated to phenylalanine (Y766Fl, see Fig. 1A ). Mice homozygous for the Y766Fl allele were viable and fertile and did not show obvious craniofacial, limb, or tail defects. Interestingly, however, skeletal analysis of newborn Y766Fl homozygotes revealed frequent transformations throughout the vertebral column (Table 2; Fig. 6 ). In contrast to the hypomorphic mutants, these transformations occurred exclusively in the posterior direction. For example, Y766Fl homozygotes often showed a posterior transformation of the last cervical vertebra into a ribbearing vertebra (Fig. 6A-C) and the last thoracic vertebra into a lumbar phenotype (Fig. 6D-F) . These transformations appeared independent of each other. None of the transformations occurred in all of the mutants, but 21 of 22 analyzed mutants showed one or more of the vertebral transformations. Interestingly, these posterior transformations were also seen in the Y766Fl heterozygotes with a lower penetrance ( Table 2 ). The phenotype of Y766Fl/null mice was very similar to Y766Fl homozygotes, further arguing against a possibility that Y766F mutation creates a hypomorphic allele. These observations together with the opposite phenotypes of the Y766Fl and hypomorphic alleles suggest that the Y766F mutation creates a gain-of-function allele. This conclusion is also supported by the observation that the prenatal lethality caused by neo insertion into intron 15 appears to be less penetrant if the allele carries the Y766F mutation (Table 1, cf. alleles n15 and n15YF, P < 0.05).
Discussion
The correct establishment of vertebrate Hox gene expression, leading to the development of distinct structures along the A-P axis, is an interesting but still poorly understood phenomenon. This complex process appears to be regulated at multiple levels (van der Hoeven et al. 1996) . Opening of the chromatin structure of Hox complexes might provide a mechanism for competence of gene expression and perhaps is regulated by the polycomb and trithorax family members (Schumacher and Magnuson 1997) . Whether the competence leads to actual Hox gene activation appears to be regulated by intercellular signals acting through enhancer sequences within the complexes. Retinoic acid and peptide growth factors, such as FGFs and activin family members, are extensively studied candidates for such signals. The involvement of retinoic acid in the regulation of Hox gene expression in mice has been supported by transgenic and gene targeting studies of the retinoic acid receptors and retinoic acid response elements present in the Hox complexes (Kastner et al. 1995; Dupe et al. 1997) .
Analysis of the involvement of FGFs in the A-P patterning is complicated by the diverse functions of FGFs and their receptors. We have been able to partially circumvent this problem by generating a series of hypomorphic and gain-of-function alleles of Fgfr1. The hypomorphic mutants died neonatally and showed posterior truncations, homeotic transformations in the vertebral column predominantly to the anterior direction, as well as expansion of the limb fields and later distal limb defects. Transformations exclusively to the posterior direction were seen in the gain-of-function Y766F mutants in the absence of other abnormalities. In this respect, the In the Y766F mutants the cervical vertebra C7 often has ribs fusing to ribs on the T1 (B) or to the sternum (C). Other transformations include shift of anterior trabeculi from the C6 to the C5 (arrow in C). At the thoracolumbar level, the T13 often loses its ribs taking a L1 phenotype (E,F, arrow in E points to a remaining distal part of a rib). L6 is frequently fused to the iliac bones (arrow in E), although this phenotype is sometimes seen also in wild-type mice. In Y766F mutants these transformations can occur also over two segments (arrows in F).
phenotype of Y766F mutants resembles mice carrying loss-of-function mutations in polycomb family members, which are thought to act as negative regulators of Hox complexes (Schumacher and Magnuson 1997) . Our results are consistent with the data from Xenopus (Ruiz i Altaba and Melton 1989; Cho and De Robertis 1990; Kolm and Sive 1995; Pownall et al. 1996) , suggesting a role for FGFs in the positive regulation of Hox gene expression and thus assignment of positional values (Fig.  7) . The wide spectrum of transformations seen in the Fgfr1 mutants suggests a global role for FGFR1 in the Hox gene regulation. In agreement with this model subtle changes in the early expression patterns of Hox genes, such as HoxD4, HoxB5, and HoxB9, were detected when FGFR1 signal was reduced. These early changes in Hox gene expression and morphological defects suggestive of A-P mispatterning (i.e., limb field expansion) as early as at E8.5 and E9.5, suggest that the function of FGFR1 is in the initial assignment of positional values rather than later in the readout of this information. However, in addition to an early function during gastrulation, FGFR1 may also play a separate role later during vertebral development.
There are at least three possibilities, which are not mutually exclusive, how FGFR1 could be involved in the early regulation of Hox gene expression. First, signaling through FGFR1 could regulate directly the expression or activity of transcription factors, such as the caudal-related factors Cdx1, Cdx2, and Cdx4 implicated in the regulation of Hox gene expression (Gamer and Wright 1993; Subramanian et al. 1995; Chawengsaksophak et al. 1997) , or proteins regulating the chromatin structure at the Hox complexes, such as the members of the polycomb and trithorax families (Schumacher and Magnuson 1997) . This possibility is supported by the studies by Pownall et al. (1996) , who showed that in Xenopus embryos the effect of dominant-negative FGF receptor could be rescued partially by overexpression of a caudal-related factor Xcad3. No significant changes in Cdx1 or Cdx4 mRNA expression levels were seen in the Fgfr1 hypomorphs. However, because of the dynamic expression of these genes, it is very difficult to tell with certainty whether their pattern of expression has been altered in the mutants. The second possibility is that changes in cell migratory properties in the primitive streak, shown to occur in Fgfr1 null mutants (Deng et al. 1994; Yamaguchi et al. 1994; Ciruna et al. 1997) , lead into heterochrony and abnormal exposure to other patterning signals resulting in changes in cell fates. Third, it has been proposed that cellular proliferation and perhaps the speed of the cell cycle is an important regulator of the Hox gene activation, maybe through regulation of opening of the chromatin structure (Duboule 1994) . By regulating the rate of proliferation of paraxial mesoderm cells and their stem cells in the primitive streak, FGFR1 may have an effect on the Hox complexes. In the weak hypomorphs (n7) and Y766F mutants the production and segmentation of paraxial mesoderm appears normal, suggesting that Fgfr1 signaling is directly involved in A-P patterning. However, we cannot exclude minor effects on the timing of mesodermal proliferation and migration. Whether the effect involves a change in cell behavior or is more direct, the fact that opposite changes in A-P patterning are seen with hypomorphic and gain-offunction alleles argues for an intimate link between the FGFR1-regulated process and establishment or maintenance of Hox gene activity.
A series of posterior truncations somewhat similar to the Fgfr1 mutants is seen with Wnt-3a/vestigial tail alleles (Greco et al. 1996) . However, no homeotic transformations were observed in the Wnt-3a mutants, suggesting that WNT-3a and FGF signals have distinct functions during axis elongation. In contrast to the Wnt-3a mutants, in which the level of axial truncations correlates with a failure in somitogenesis, Fgfr1 hypomorphs showed signs of posterior somite degeneration. Thus, it is possible that, similarly to retinoic acid-treated embryos (Kessel 1992) , mispatterning of the posterior somites contributes to the observed axial truncations.
It is of interest that disruption of the murine type IIB activin receptor (ActRIIB), one of the cell surface receptors for activin/BMP family signaling molecules, was shown recently to cause posterior shifts in Hox gene expression domains resulting in anterior homeotic transformations in the vertebral column (Oh and Li 1997) . In addition to FGFs, work with Xenopus has implicated these TGF␤ superfamily members in the mesoderm induction and patterning, and collaboration of FGF and activin-like signals in these processes has been demonstrated (LaBonne and Whitman 1994; Cornell et al. 1995) . Work with ActRIIB, as well as our present work, provide genetic evidence for the involvement of the same signals in formation of the mesoderm and its patterning in the mouse. In contrast to the hypomorphic Fgfr1 mutants, the transformations in the ActRIIB mutants are confined to the lower thoracic and lumbar levels and posterior truncations are not seen in the ActRIIB mutants. This appears consistent with the finding that activin and FGF are able to activate different members of the Hox gene family in the Xenopus animal cap explants (Cho and De Robertis 1990) . Therefore, it is likely that the TGF␤ superfamily and FGF family members deliver distinct inputs to the mesodermal cells to guide the correct establishment of the Hox code.
In addition to generating and patterning the primary (A-P) axis, there is abundant evidence, mostly from gainof-function type experiments with chick embryos, suggesting functions for FGFs at various stages of development of the secondary axes of limbs, including limb induction, outgrowth, and patterning (Niswander 1996; Johnson and Tabin 1997) . Genes of the Hox complexes are also essential for the growth and patterning of the limbs. The distal limb phenotypes seen in our hypomorphic mutants resemble some of the mutant phenotypes of the 5Ј Hox genes, such as loss of anterior digits seen in hypodactyly (Hd) and HoxA13 nullmutant mice (Fromental-Ramain et al. 1996; Mortlock et al. 1996) as well as delayed ossification of phalanges and post axial digit rudiments seen in HoxD13 mutants (Dolle et al. 1993; Davis and Capecchi 1996) . Furthermore, reduction of HoxD13 expression is seen in the hypomorph limb buds, making it tempting to speculate that FGFR1 function during limb development may be similar to its role during A-P patterning. However, growth and patterning are linked intimately in the developing limb, making interpretation more difficult. In the Fgfr1 hypomorphs it appears as if the potentially FGF4-induced proliferation and anterior expansion (Vargesson et al. 1997) of HoxD13-expressing cells in the autopods is disturbed. Whether the observed reduction in HoxD13 expression is a cause or merely an effect of the deficient proliferation remains unclear. It appears that two FGF receptors, FGFR1 and FGFR2, have distinct functions during limb development. Whereas FGFR2 is required for the formation of the apical ectodermal ridge and early limb outgrowth (Xu et al. 1998 ), our results demonstrate a function for FGFR1 in the growth and patterning of the more distal limb mesenchyme.
Our studies also have implications for the understanding of the molecular biology of FGFR1 function. The two alternatively spliced FGFR1 isoforms, IIIb and IIIc, have been demonstrated to have distinct ligand-binding characteristics and somewhat different expression patterns (Werner et al. 1992; Ornitz et al. 1996) . However, our results show that the IIIc isoform carries out the majority of the biological functions of the Fgfr1 gene, whereas IIIb plays a minor and to some extent redundant role. The situation may be different with other FGF receptors, which also have similar isoforms. For example, in the case of Fgfr2 the two isoforms appear to have mutually exclusive expression patterns and important functions have been assigned to the IIIb isoform . Fgfr1, Fgfr2, and Fgfr3 appear to share a common ancestral gene encoding two alternatively spliced isoforms. Apparently, during the gene duplication events and subsequent evolution, the IIIb isoform of Fgfr1 has not acquired a separate function but remains subsidiary to the other isoform and other receptors. This may have happened even more clearly to the Fgfr4 gene, which does not have the exon encoding the IIIb isoform, and may have lost it during evolution (Vainikka et al. 1992) .
Abundant evidence demonstrates the requirement of the Ras mitogen-activated protein kinase pathway for signal transduction by FGF receptors to induce mesoderm differentiation as well as other cellular effects (MacNicol et al. 1993; LaBonne et al. 1995; Umbhauer et al. 1995) . Another signal transduction pathway of FGFR1 involves receptor autophosphorylation at a carboxy-terminal tyrosine residue, Y766, leading into binding and activation of the PLC␥, which in turn results in activation of the protein kinase C (PKC) and the calcium signal. In vitro functional assays using a Y766F mutant FGFR1 have failed to show a requirement for this pathway for any of the FGFR1 induced responses (Mohammadi et al. 1992; Peters et al. 1992; Clyman et al. 1994; Muslin et al. 1994; Spivak-Kroizman et al. 1994) . Biochemical characterization of the signal transduction properties of the Y766F mutant receptor has suggested both positive (Huang et al. 1995) and negative roles (Sorokin et al. 1994; Landgren et al. 1995) for Y766 pathway in the modulation of FGFR1-induced signal. Our results provide a clear in vivo demonstration that the PLC␥ pathway of FGFR1 is not required for normal pre-or postnatal development or viability. Interestingly however, the Y766F mutation produces a semidominant allele causing an A-P patterning defect, which is mostly opposite to the phenotype of the hypomorphic mutants. Therefore, it is likely that the Y766F mutation results in overactive ligand-dependent FGFR1 function, at least during the A-P patterning process.
Consistent with our findings, the phosphorylation of Y766 of FGFR1 has been implicated in the internalization and degradation of the receptor (Sorokin et al. 1994 ). In addition, a FGFR1 variant lacking a putative PKC phosphorylation site has been shown to be resistant to phorbol ester-induced down-regulation of the receptor activity in Xenopus oocytes (Gillespie et al. 1995) . PKC has also been suggested to be involved in phosphorylation and negative regulation of Src-family kinases, which are other downstream targets of FGFR1 (Landgren et al. 1995) . It is thus possible that in the Y766F mutants a negative signal (maybe involving PLC␥ and PKC), which regulates the activity of the FGFR1 itself or its downstream signal transduction cascade, is disrupted leading into extended and amplified signaling through FGFR1 (Fig. 7) . Consistent with this model the phenotype caused by Y766F mutation is suppressed more by expression of wild-type receptors than by reduction of the mutant receptor levels (the phenotype of Y766Fl/+ is less severe than Y766Fl/null). This might involve heterodimer formation between mutant and wild-type receptors or transduction of the negative signal to downstream targets by the wild-type FGFR1. Interestingly, a Y766-related autophosphorylation site capable of binding PLC␥ regulates negatively the biological activity of the Drosophila torso receptor tyrosine kinase (Cleghon et al. 1996) . A tyrosine phosphorylation site regulating negatively the transforming activity of the NEU receptor tyrosine kinase has also been identified (Dankort et al.
FGFR1 and A-P patterning
GENES & DEVELOPMENT 2341
Cold Spring Harbor Laboratory Press on October 11, 2017 -Published by genesdev.cshlp.org Downloaded from 1997). Therefore, these receptor tyrosine kinases may use a common feedback mechanism to regulate their ligand-induced activities.
Growth and patterning during vertebrate embryonic development are, for the most part, inseparable phenomena. Therefore, it seems only logical that the same intercellular signals regulate both processes. Our partial loss-of-function and gain-of-function alleles have provided evidence that Fgfr1, which is required for generation of paraxial mesoderm, also has an additional function in the assignment of its A-P positional values. The limb phenotypes of our hypomorphic Fgfr1 mutants further suggest that a similar link between growth and patterning may also exist during later Fgfr1-regulated developmental processes.
Materials and methods
Targeting vectors
For introduction of the desired mutations into the Fgfr1 locus targeting vectors were generated, in which the mutations were engineered into one of the arms of homology and the selectable marker neo was located in an intronic region (pPNTLoxPIIIcSTOP, pPNTLoxP-IIIbSTOP, and pPNTLoxP-Y766F; see Fig. 1A ). The mutations were introduced into genomic clones of Fgfr1 (Yamaguchi et al. 1994) by Altered Sites in vitro mutagenesis system (Promega). To inactivate isoform IIIb, codon 314 (5 nucleotides from the beginning of exon 6) was changed to a stop codon and an EcoRV site was introduced 5 nucleotides after it. To inactivate isoform IIIc, codon 314 (4 nucleotides from the beginning of exon 7) was changed to a stop codon and a BamHI site was introduced 4 nucleotides after it. Tyrosine 766 was changed to phenylalanine followed after 4 nucleotides by a neutral mutation, which created a XbaI site.
The targeting vectors were generated as follows. pPNTLoxPIIIbSTOP and pPNTLoxP-IIIcSTOP: a 1.7-kb BamHI fragment was subcloned as the 3Ј arm into pPNTloxP vector (having the neo gene flanked by loxP sites; Shalaby et al. 1995) . In the case of pPNTLoxP-IIIbSTOP, a 6-kb EcoRI fragment containing a mutation in exon 6 (see above) was inserted as the 5Ј arm. In the case of pPNTLoxP-IIIcSTOP, a 3-kb XhoI-EcoRI fragment containing a mutation in exon 7 (see above) was inserted as a 5Ј arm. pPNTLoxP-Y766F: a 3-kb BamHI-BglII fragment containing the Y766F mutation (see above) was subcloned into pPNTloxP as the 3Ј arm. A 3-kb BamHI fragment was inserted as the 5Ј arm.
Gene targeting in ES cells and generation of the allelic series
The targeting vectors were linearized with NotI and electroporated into R1 ES cells. G418 r Ganc r clones were screened by Southern blot hybridization for targeting events and introduction of the mutations. With the pPNTLoxP-IIIcSTOP vector five targeted clones were obtained (of 97 colonies screened), two of which contained the mutation in the exon 7 identified by the presence of the BamHI site (alleles n7 and IIIcn; see Fig. 1A,B) . With the pPNTLoxP-IIIbSTOP vector nine targeted clones were obtained (of 144 colonies screened), four of which contained the mutation in the exon 6 identified by the presence of the EcoRV site (allele IIIbn). With the pPNTLoxP-Y766F vector three targeted clones were obtained (of 62 colonies screened), two of which contained the Y766F mutation diagnosed by the adjacent XbaI site (alleles n15 and n15YF) . The positive clones were analyzed for correct homologous recombination of both 5Ј and 3Ј arms ( Fig. 1B; data not shown) .
ES cell lines containing the alleles n7 (1), IIIbn (2), IIIcn (2), n15 (1), and n15YF (2) were used to generate chimeric mice (Wood et al. 1993) , which transmitted the alleles through the germ line. Phenotypic analysis of the mutants was performed in a mixed 129sv/CD-1 background. To remove the neo cassettes from the alleles, chimeras transmitting the alleles n7, IIIbn, IIIcn, n15, and n15YF were bred with CD-1 mice carrying a transgene expressing Cre recombinase under the control of cytomegalovirus enhancer and ␤-actin promoter (Sauer 1993; Nagy et al. 1998 ) to generate alleles l7, IIIbl, IIIcl, l15, and Y766Fl, respectively.
Fgfr1 mRNA analysis
The level of Fgfr1 mRNA in a n7 F 2 litter was analyzed by Northern blotting and hybridization with a Fgfr1 cDNA probe, which contained the 3Ј region of the gene. Total RNA from E10.5 embryos was isolated using the Trizol reagent (GIBCO BRL). The hybridization signals were quantified using a phosphorImager (Molecular Dynamics) with Imagequant software.
Skeletal analysis
Skeletal preparations of newborn mice were made by standard techniques (Dolle et al. 1993) .
RNA in situ hybridization
Whole mount RNA in situ hybridization with HoxD4, HoxB5, HoxB9, HoxD11, HoxD13, Cdx1 , and Cdx4 riboprobes was carried out as described. The protocol by Henrique et al. (1995) was used for E8.5 and E9.5 embryos. The protocol by Conlon and Rossant (1992) was used for E10.5 and E11 embryos.
